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Low-temperature heat-capacity investigations on the spinel FeCr2S4 with ferrimagnetic spin order
and orbitally degenerated Jahn-Teller active Fe2+ ions in a tetrahedral crystal field, provide exper-
imental evidence of an orbital liquid state above 10 K. We demonstrate that the low-temperature
transition at 10 K arises from orbital order and is very sensitive to fine tuning of the stoichiometry
in polycrystals. In single crystals the orbital order is fully suppressed resulting in an orbital glass
state with the heat capacity following a strict T 2 dependence as temperature approaches zero.
PACS numbers: 75.50.Pp, 75.50.Gg, 75.40.-s, 71.70.Ej
Orbital physics has become a fascinating topic in mod-
ern solid-state physics. The spatial orientation of orbitals
governs the magnetic exchange and thus the long-range
order of the spin degrees of freedom. If the orienta-
tional order of the orbitals can be changed by an ex-
ternal field (strain field or electric field), the magnetic
order will be changed concomitantly. Such a tuning of
electronic orbitals will be an important ingredient of a
future correlated-electron technology [1].
Strong coupling of spin and orbital degrees of freedom
yields complex ground states. Usually electron-phonon
coupling lifts the orbital degeneracy and results in a long-
range orbital order (OO) and in a change of the crystal
symmetry via the Jahn-Teller (JT) effect [2]. In Mott-
Hubbard (MH) insulators the OO may be also estab-
lished by the Kugel-Khomskii mechanism [3], where the
orbital degeneracy is removed via a purely electronic in-
teraction. However, recently it has been suggested that
the exchange in orbitally degenerate systems is strongly
frustrated and in cubic lattices the orbitals may remain
disordered down to zero temperature, forming an orbital
liquid (OL) [4, 5]. Indeed, an OL state has been pro-
posed for LaTiO3 [6, 7], but has been questioned recently
[8, 9]. To find new OL’s, it seems promising to search
for systems with strong correlation effects and weak JT
coupling. The appropriate candidates are MH insulators
with electrons with threefold degeneracy in octahedral or
twofold degeneracy in tetrahedral crystal fields [10], and
where in addition the orbitals are coupled via strongly
frustrated exchange interactions induced by disorder or
geometric frustration. Frustration results in a dynamic
liquid ground state or in a glassy freezing of the internal
degrees of freedom at low temperatures. As well estab-
lished by numerous studies, frustration yields a spin-glass
state for structurally disordered spin systems [11], while
in geometrically spin-frustrated [12] compounds it results
in a low-temperature spin-liquid [13] or spin-ice [14, 15]
state. In contrast, reports on OL or JT-glasses, i.e. or-
bital glasses (OG), are rare [16, 17, 18], although OO has
been observed in a variety of d-electron systems.
Here we provide experimental evidence for an orbital
liquid and an orbital glass state in a ferrimagnet with
perfect spin order. We focus on the orbital degrees of
freedom of the magnetic semiconductor FeCr2S4 which
recently attracted considerable attention due to its colos-
sal magnetoresistance effect [19]. It crystallizes in a nor-
mal spinel structure AB2S4 (space group Fd3¯m) in which
S2−-anions build a cubic close-packed fcc lattice, Fe2+-
cations occupy 1/8 of the tetrahedrally coordinated A-
sites, and Cr3+-cations occupy 1/2 of the octahedrally
coordinated B-sites. The Cr3+ sublattice (electronic con-
figuration 3d3, spin S = 3/2), is dominated by ferro-
magnetic exchange of the 90◦ Cr-S-Cr bond angle. The
Fe2+ ions (3d6, S = 2) are only weakly coupled within
the sublattice, but much stronger to the Cr ions [20].
Below the Curie temperature, FeCr2S4 reveals a ferri-
magnetic spin order with the Fe2+ and Cr3+ magnetic
moments aligned antiparallel to each other [21]. Con-
cerning the orbital degrees of freedom, the orbital mo-
ment of the Cr3+ ion is quenched. The lower orbitally
degenerated e-doublet of Fe2+ is JT active allowing for
a distortion of the ideal FeS4 tetrahedron in order to
lower the symmetry and, hence to lift the degeneracy
[22]. Indeed, an abrupt change of the electric field gra-
dient detected in Mo¨ssbauer experiments [23] on poly-
crystalline FeCr2S4 at 10 K was attributed to a transi-
tion from a dynamic into a static JT distortion below 10
K. Additionally, a λ-type anomaly of the specific heat
Cp at 9.25 K [24] was registered on Fe-deficient samples.
More detailed Mo¨ssbauer studies [25] have shown that
the low-temperature anomaly cannot be explained in a
single-ion picture alone but involves hybridization of the
Fe2+ ground state with the nearest neighbour Cr2+ ex-
cited state. These results were interpreted in terms of a
transition from orbital paramagnetism into orbital ferro-
magnetic order. Such an OO was also proposed based on
band-structure calculations [26]. Recent ultrasonic ex-
periments on FeCr2S4 single crystals revealed an elastic
anomaly at 60 K, followed by a softening of the elastic
moduli at lower temperature. Below 15 K an additional
2anomaly in the longitudinal modulus was observed [27].
These results also suggest a certain kind of OO.
The present paper focuses on the heat-capacity of
FeCr2S4 single crystals and polycrystals with different
stoichiometry tuned by heat treatments in vacuum and
sulphur atmosphere. Polycrystals were prepared by solid-
state reactions at 700◦C from the high-purity elements.
The as-grown polycrystals were obtained via repeated
homogenisation sintering (4-5 times) followed by sub-
sequent treatment in sulphur atmosphere (denoted as
PCAG). Some were annealed in vacuum at 700
◦C for two
hours (PCVA) and subsequently in sulphur atmosphere
(PCSA) at 700
◦C for 24 hours. Single crystals (SC) were
grown by chemical-transport reaction at 820 - 850◦C.
Rietveld refinement of x-ray (CuKα) powder-diffraction
patterns confirmed the spinel structure and yielded a
lattice constant a0 = 1.0005(1) nm and a sulphur frac-
tional coordinate x = 0.259(1) for the powdered single
crystals. The respective values of a0 = 0.9997(1) nm
for the polycrystals were found to coincide within the
accuracy of the experiment. From a single-crystal x-
ray diffraction analysis of 96 independent and altogether
2614 Bragg peaks, we determined the site occupancy of
Fe:Cr = 1:1.99 and of Cr:S = 1:2.07, which reveals that
the Fe:Cr ratio is almost ideal while Fe and Cr are slightly
(∼ 3%) under-stoichiometric when compared to the ideal
sulphur network. An ICP (inductively coupled plasma)
analysis of PCAG yielded a nearly stoichiometric Fe:Cr:S
ratio of 0.99:1.99:4.0. The magnetization was measured
in a commercial SQUID magnetometer MPMS-7 (Quan-
tum Design). The heat capacity was investigated in 4He
cryostats using adiabatic and relaxational techniques for
2 ≤ T ≤ 50 K and in a 3He/4He dilution refrigerator
using relaxational technique for 0.05 ≤ T ≤ 2.5 K.
Figure 1 introduces the basic magnetic properties of
FeCr2S4. It shows the temperature dependence of mag-
netization M(T ) for single (SC) and polycrystalline as-
grown (PCAG) samples at low fields. At the Curie tem-
perature (TC = 167 K) the step-like anomaly in M(T )
reveals the onset of ferrimagnetic order. In the sin-
gle crystal, a cusp at Tm ≈ 60 K and a subsequent
splitting of the field cooled (FC) and zero-field cooled
(ZFC) magnetization indicate domain-reorientation pro-
cesses [28]. While in the polycrystal the overall magne-
tization behavior is similar, distinct differences can be
observed: here the ZFC and FC curves split already at
TC due to pinning of the magnetic domain walls by grain
boundaries. The cusp-like anomaly is also present in
the polycrystals, although shifted to higher T (≈ 75 K).
Below this anomaly both the poly- and single crystals
exhibit a pronounced downturn in the ZFC magnetiza-
tion. However, only the polycrystal shows a clear step-
like decrease (increase) in the ZFC (FC) magnetization
at TOO ≈ 10 K, which we ascribe to the OO transition.
The accompanying magnetic anomaly at TOO coincides
with the low-temperature transition detected earlier by
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FIG. 1: Temperature dependence of the zero-field cooled
(ZFC) and field cooled (FC) magnetization M in a field of
H = 100 Oe for a FeCr2S4 single crystal (SC, upper frame)
and in a field of 50 Oe for an as-grown polycrystal (PCAG,
lower frame). Inset: M(H)-dependence for H applied along
easy < 001 >, intermediate < 110 >, and hard < 111 > axes
at 4.2 K for SC.
Mo¨ssbauer experiments in polycrystals [23, 25] associ-
ated with a JT-like transition resulting in long-range OO.
The inset of Fig. 1 shows the field dependence of the
magnetization M(H) at T = 4.2 K for the FeCr2S4 sin-
gle crystal. The saturation magnetization Ms of 1.88µB
per formula unit (f.u.) is consistent with the ferrimag-
netic order of Cr with Ms(2Cr) = 6µB/f.u. and Fe with
Ms(Fe) = 4.12µB/f.u., taking into account the slightly
enhanced g-value of Fe2+ (g ≈ 2.06) due to spin-orbit
coupling. Thus, a fully developed spin order below TC is
established, as was already shown by neutron-scattering
studies [21]. Thus, the low-temperature anomalies are
governed not by spin but by orbital degrees of freedom.
Figure 2 illustrates the principal results of the present
investigation. The upper frame shows the specific heat at
low T with axes Cp/T vs. T as measured in three poly-
crystalline samples after different heat treatment. The
middle frame presents the specific heat of the single crys-
tal. The vacuum annealed PCVA and as-grown PCAG
polycrystals reveal well-defined OO transitions. In the
sulphur-annealed PCSA the phase-transition tempera-
ture is strongly reduced and the transition is smeared out.
Moreover, the transition is completely suppressed in the
single crystal. In the polycrystals the λ-type anomaly is
followed by an exponential decrease of Cp with decreasing
T , indicative of a gap opening in the orbital excitations.
For the polycrystal PCVA with the strongest Cp anomaly
the data can be described within a BCS-like mean-field
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FIG. 2: Upper frame: T -dependence of Cp/T for polycrys-
tals (open symbols) with different heat treatments: vacuum
annealed (PCVA), as-grown (PCAG), and sulphur-annealed
(PCSA). Solid line: mean-field fit with TOO = 9.2 K and
∆(T = 0)/kB = 11.4 K. Middle frame: Cp/T of the single
crystal (SC). Solid line indicates Cp ∝ T
2 dependence. Solid
squares: Cp/T of Fe0.5Cu0.5Cr2S4. Lower frame: orbital en-
tropy change ∆Sorb(T ) for the SC and the PCVA calculated
as described in the text.
approach using a T -dependent gap energy ∆(T ) approx-
imated by ∆(T ) ≈ 1.74∆0(1 − T/TOO)
1/2. The best fit
is obtained with the parameters ∆0/kB = 11.4 K and
TOO = 9.2 K, yielding 2∆0/kB ≈ 2.5TOO, which is re-
duced as compared to the BCS value, suggesting a weak
coupling scenario.
On decreasing T , the specific heat in the single crys-
tal passes through a cusp-shaped maximum and then ap-
proaches zero following a strict T 2-dependence. In canon-
ical spin glasses a cusp-like maximum is also observed
slightly above the freezing temperature, but a linear term
evolves approaching T = 0 [11]. The T 2-dependence of
the specific heat below the maximum is theoretically not
expected for three-dimensional disordered spin-systems,
but has also been observed in the geometrically frustrated
spinel AlV2O4 [29] as well as in geometrically frustrated
two-dimensional spin glasses [30]. Ac-susceptibility mea-
surements in FeCr2S4 single crystals ruled out a spin-
glass state [28]. Thus, the absence of the λ-type anomaly
and the cusp-shaped maximum observed in FeCr2S4 sin-
gle crystals suggest a glassy-like state of the orbitals.
For T > TOO all samples reveal a very similar specific
heat with a highly enhanced linear term. This, however,
cannot be explained by phonon or magnon contributions,
which were estimated by measuring the specific heat of
the related compound Fe0.5Cu0.5Cr2S4, which has simi-
lar atomic mass and Debye temperature as FeCr2S4. In
this compound the Cu ions are monovalent and all Fe
ions have a valence of 3+ (3d5, S = 5/2) and hence
are not JT active. It is a simple ferrimagnet whose spe-
cific heat can be well described by superposition of a
T 3-law for phonons and a T 3/2-law for magnons. Com-
parison with Fe0.5Cu0.5Cr2S4 thus reveals an additional
linear contribution to the specific heat Cp of the order of
∆Cp/T ≈ 100 mJ/molK
2 in FeCr2S4. It cannot be at-
tributed to an enhanced Sommerfeld coefficient, because
FeCr2S4 is insulating at low T [19, 26]. Therefore, we as-
cribe it to strongly fluctuating orbitals. It is noteworthy
that a linear term in the T -dependence of the heat capac-
ity has been already predicted for the OL [31]. Further-
more, the existence of a dynamic JT effect had been origi-
nally deduced from Mo¨ssbauer experiments [23] and later
was termed orbital paramagnetism regarding its cooper-
ative properties involving the B-site Cr states [25]. The
dynamic JT effect as well as orbital paramagnetism indi-
cate orbital fluctuations and in their cooperative manner
provide an OL state.
So far, we conclude that for 10 K < T < Tm in FeCr2S4
an OL state is formed with fluctuating orbital arrange-
ment, the average of which is probably detected as a
softening of elastic constants below 60 K by ultrasound
experiments [27]. The gap predicted for an OL in the
orbital excitation spectrum [6] must be very small, as in
the single crystal the linear term persists down to ap-
proximately 3 K and no exponential decay is observed
at lower T . In polycrystals a transition occurs from the
OL into the OO state at 10 K. In the single crystal the
OO transition is suppressed and, taking into account the
cusp-like maximum and decrease of the specific heat at
lowest T , we suggest that the orbital degrees of freedom
undergo a freezing transition into an OG state with ran-
domly frozen-in orbital configurations.
The heat-capacity experiments in different external
magnetic fields provide further support that the order-
disorder transition in the polycrystal and the glassy freez-
ing in the single crystal originate from the orbital degrees
of freedom. Figure 3 illustrates the effect of an external
magnetic field on the specific heat. The magnitude of the
λ-anomaly in the polycrystal becomes slightly reduced,
but without any noticeable shift in the ordering temper-
ature. An increase of the specific heat becomes apparent
just above TOO only at 100 kOe. In the single crystal
the specific heat is essentially field independent. If the
λ-anomaly was related to a transition in the spin sys-
tem, a much stronger influence of the magnetic field is
expected, as e.g. observed in MnCr2S4 [32]. Therefore,
the λ-anomaly in the specific heat of FeCr2S4 should be
attributed to the onset of OO.
Now we turn to the evaluation of entropy for poly-
and single crystals shown in the lowest frame of Fig-
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FIG. 3: T dependence of Cp/T for the as-grown polycrystal
(PCAG, upper frame) and single crystal (SC, lower frame) at
different magnetic fields. Dash line: TOO for PCAG.
ure 2. The change of orbital entropy ∆Sorb has been
obtained by integrating ∆Cp(T )/T for 0.1 ≤ T ≤ 20 K.
In the OO system (PCVA), The orbital entropy Sorb
should approach zero below the OO transition. Above
TOO, it is still increasing, indicating that the total value
R ln 2 = 5.8 J/molK assigned to the orbital doublet has
not been fully recovered. It will be recovered at higher
T due to increasing orbital fluctuations, as expected for
an OL. For the single crystal the all-over change of or-
bital entropy below 10 K is about ∆S0 = 2 J/molK
smaller than for the polycrystal. This difference of 1/3 of
the total orbital entropy clearly demonstrates a macro-
scopic degeneracy of the ground state in the single crys-
tal, which we interpret in terms of an orbital glass as T
approaches zero.
This result surprisingly is quite similar to that ob-
served in spin-ice systems [14]. Keeping in mind the ob-
served T 2 dependence of the specific heat and the tetra-
hedral network of the Fe2+ ions, one may assume a cer-
tain role of geometrical frustration in the formation of
the OG in the single crystal. To decide this definitely, a
more precise knowledge of the orbital exchange is neces-
sary and the connection between spin and orbital order
needs further theoretical analysis.
In summary, our heat capacity study of FeCr2S4 re-
veals a strong linear contribution Cp ∝ T in both poly-
and single crystals suggesting an orbital liquid state. In
polycrystals we observed a transition from this orbital liq-
uid into an orbitally ordered state, which can be strongly
shifted by fine tuning of the stoichiometry. In single crys-
tals the orbital order is fully suppressed. We suggest that
a transition from the orbital liquid into an orbital glass
occurs, which is supported by the T 2-behavior of Cp on
approaching T = 0. Thus, our results provide experi-
mental evidence of such an orbital-liquid to orbital-glass
transition in a 3d-magnetic system.
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